Introduction
Epstein-Barr virus (EBV) is a human herpesvirus with a linear double-stranded DNA 172 kbp in length (Baer et al., 1984) . EBV has both a latent state and a lytic replicative cycle in infected lymphoblastoid cells. In the latent state the virus genome is maintained as a circular plasmid DNA replicated by host cell replication machinery, except EBNA1, the oriPbinding protein (Yates & Guan, 1991) . However, after induction of the virus productive cycle, the EBV replication proteins are induced and the EBV genome is amplified 100-to 1000-fold. Intermediates of viral DNA replication are found as large head to tail concatemeric molecules which could result from rolling-circle DNA replication initiated from the lytic phase replication origin, oriLyt (Hammerschmidt & Sugden, 1988) . The viral replication proteins that are essential for the oriLyt-dependent EBV DNA replication have been determined and their functions are known or have been predicted (Fixman et al., 1995 ; Wu et al., 1998) : the DNA Pol catalytic subunit (BALF5), the DNA Pol accessory subunit (BMRF1), the ssDNA-binding protein (SSB) (BALF2), helicase and primase (BBLF4 and BSLF1), helicase-primase associated protein (BBLF2\3) and lytic transactivator\oriLyt-binding protein (BZLF1). It is thought that these viral replication proteins, except BZLF1, may work together at the replication fork to synthesize leading and lagging strands of the concatemeric EBV genome.
The EBV SSB encoded by the BALF2 gene is indispensable for the lytic phase of EBV DNA replication (Decaussin et al., 1995 ; Fixman et al., 1995) . The BALF2 gene product is composed of 699 amino acids (predicted relative molecular mass of 123 122) and has an apparent relative molecular mass in SDS-PAGE of 130 000. The BALF2 protein contains a series of motifs that are conserved in a number of SSB proteins (Wang & Hall, 1990) . The BALF2 protein has only about 30 % amino acid sequence identity with the herpes simplex virus type 1 (HSV-1) SSB, ICP8 (Quinn & McGeoch, 1985) . The ICP8 protein possesses a zinc finger motif in addition to the ssDNA-binding motif, while the BALF2 protein lacks the zinc finger (Gao et al., 1988) . In a previous paper (Tsurumi et al., 1996) we reported that the BALF2 protein behaves as a monomer in solution and binds to ssDNA preferentially in vitro. The size of the binding site has been estimated to be about 30 nucleotides per one BALF2 protein molecule. We also demonstrated that the BALF2 protein greatly enhances DNA synthesis catalysed by the EBV BALF5 Pol catalytic subunit on primed M13 ssDNA template and yields long length replication products. However, the precise action of the EBV SSB in these processes has not been determined. Here, we report the overexpression of the EBV SSB in recombinant baculovirusinfected insect cells in order to get sufficient amounts of functionally active BALF2 gene product. We also provide evidence that the protein can displace short DNA strands from their complementary sequences in the single-stranded form of M13 in a reaction which requires neither ATP nor MgCl # . The ability of the EBV SSB to destabilize DNA duplexes may provide an explanation for the role of the EBV SSB at the elongation step of EBV rolling-circle DNA replication.
Methods
Cloning of the BALF2 gene. B95-8 cells were treated with phorbol 12-myristate 13-acetate and sodium n-butyrate as described (Tsurumi, 1991) . After incubation for 48 h at 37 mC, extracellular virus particles were purified from the culture medium and treated with SDS and proteinase K as described previously (Tsurumi et al., 1986) . The purified whole EBV DNA was completely digested with BamHI. After the BamHI-digested EBV DNA fragments were inserted into the BamHI site of pACYC 184 (Chang & Cohen, 1978) , the ligated recombinant plasmids were transformed into E. coli HB101. Tetracycline-sensitive and chloramphenicol-resistant colonies were picked up. The recombinant plasmid containing the BALF2 open reading frame, pEBBamHIA, was identified by the size of the inserted DNA and by restriction mapping analyses (data not shown). The DNA fragment containing a full-length copy of the BALF2 gene was isolated from plasmid pEBBamHIA by digestion with HindIII and EcoRI and inserted into the HindIII-EcoRI sites of the plasmid pBluescript KSj (Stratagene) to generate pEBSSB.
Construction of the recombinant baculovirus AcBALF2. The DNA fragment encoding an intact BALF2 protein (amino acid residues 1 to 699) from pEBSSB was amplified by PCR with primers BALF2-Bam and BALF2-Eco. The primer sequences were as follows : BALF2-Bam, 5h aaaaggatccGGGGCGATACCTTGGGCATCATGCAGGGTG 3h ; and BALF2-Eco, 5h aaaagaattcCATCGCCGCCCCAGGGGTCTCTAGACC-TCG 3h. The amplified fragment was digested with BamHI and EcoRI and then inserted into the BamHI-EcoRI sites of the baculovirus transfer vector pVL1393 to generate recombinant plasmid pVL1393\BALF2. The pVL1393\BALF2 transfer vector (5 µg) was cotransfected with 500 ng of BaculoGold-linearized baculovirus DNA (PharMingen) into Spodoptera frugiperda cells (Sf9 cells) as described previously (Tsurumi et al., 1993) . Viruses produced from the transfected cells were used to infect Sf9 cells and the plaques were stained with 50 µg\ml neutral red at 3 days postinfection. The recombinant baculovirus AcBALF2 was purified by three rounds of plaque purification.
Preparation of infected cell extracts. Sf9 cells infected with the recombinant baculovirus AcBALF2 at an m.o.i. of 1 were harvested at 72 h post-infection and centrifuged at 1400 g for 10 min. The cells were washed by ice-cold PBS and recentrifuged as above. The cell pellet was resuspended in ice-cold hypotonic buffer (20 mM Tris-HCl pH 7n6, 5 mM EDTA, 1 µM EGTA, 1 mM DTT, 1 µM PMSF, 10 µg\ml leupeptin and 10 µg\ml pepstatin A) for 30 min at 0 mC and then subjected to Dounce homogenization. Nuclei were removed from the lysate by centrifugation at 1500 g for 10 min at 4 mC. The cytosolic extract was frozen in liquid nitrogen and stored at k80 mC until it was to be used.
Purification of the recombinant EBV SSB, the BALF2 protein. Unless otherwise noted, all steps were performed at 4 mC. The cytosolic extract was quickly thawed at 37 mC and applied to a column of phosphocellulose (35 ml bed volume) that had been equilibrated with buffer A (25 % glycerol, 20 mM Tris-HCl pH 7n6, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, 10 µg\ml leupeptin and 10 µg\ml pepstatin A). The column was washed with 105 ml of the same buffer and eluted with a 400 ml linear gradient from 0 to 0n6 M NaCl in buffer A. Aliquots of the fractions were subjected to SDS-PAGE (8 % polyacrylamide) and stained with Coomassie blue or analysed by Western blot with anti-BALF2 protein-specific antibody (data not shown). Peak fractions were pooled and applied to a column of heparin-agarose (7 ml bed volume) equilibrated with buffer A containing 0n2 M NaCl. The column was washed with 30 ml of the same buffer and a linear gradient (90 ml) from 0n2 to 0n7 M NaCl in buffer A was applied. Aliquots of the fractions were subjected to SDS-PAGE (8 % polyacrylamide) and stained with Coomassie blue. Peak fractions were pooled and dialysed overnight against buffer A. The dialysate was applied to a column of DEAE-agarose (2 ml) equilibrated with buffer A. The column was washed with 9 ml of the same buffer and eluted with a 40 ml linear gradient from 0 to 0n5 M NaCl in buffer A. Peak fractions were pooled, concentrated by centrifugation in a Centricon 100 microconcentrator and stored at k80 mC.
DNA substrates. Primer 1 (16-mer), oligodeoxynucleotide 5h CACAATTCCACACAAC 3h, complementary to nucleotides 6170 to 6185 of M13mp18 ssDNA was purchased from New England Biolabs. Primer 2 (55-mer), oligodeoxynucleotide 5h GAGGGTAGCTATTTTT-GAGAGATCTACAAAGGCTATCAGGTCATTGCCTGAGAGT 3h, complementary to nucleotides 6905 to 6959 of M13mp18 ssDNA, was made to order by Grainer Japan and purified further by electrophoresis through 8 M urea-10 % polyacrylamide gels as described previously (Tsurumi et al., 1994) . Circular single-stranded M13mp18 DNA was from Pharmacia.
Uniquely primed M13mp18 circular ssDNA was routinely used as substrate for the DNA unwinding assay. To form singly primed M13 ssDNA circles, the synthetic 16-mer DNA (primer 1) or the 55-mer DNA (primer 2) was annealed at a molar ratio of 20 : 1 to M13mp18 ssDNA in a buffer (20 mM Tris-HCl pH 8n0, 1 mM MgCl # , 0n3 M NaCl). The hybridization mixture was incubated at 90 mC for 5 min, allowed to cool to room temperature for 1 h, and incubated for a further 1 h at 30 mC. Primer 1 on the M13 ssDNA template was elongated by E. coli Pol I large fragment in a reaction mixture consisting of 10 mM Tris-HCl pH 7n5, 5 mM MgCl # , 7n5 mM DTT, 50 µM dCTP, 50 µM dTTP and 20 µM [α-$#P]dATP, resulting in the generation of M13 : 20-mer DNA substrate. The labelled primer (20-mer)-hybridized M13 ssDNA was separated from excess primer by centrifugation through a spun column of Chroma Spin-200 (Clontech Laboratory).
Primer 2 on the M13 ssDNA was elongated by E. coli Pol I large fragment in the presence of 50 µM dCTP, 50 µM dTTP and 20 µM [α-$#P]dGTP, resulting in the generation of an M13 : 59-mer DNA substrate.
The labelled primer 2 (59-mer)-hybridized M13 ssDNA was processed as above.
DNA substrate for determination of directionality was prepared as follows. Primer 2 (55-mer) was annealed with M13mp18 circular ssDNA as described above, generating a BglII cutting site. The annealed DNA was linearized by digestion with BglII and both 3h-OH ends of the digested primers were labelled by E. coli Pol I large fragment in the presence of 50 µM dCTP, 50 µM dTTP and 20 µM [α-$#P]dATP. Unannealed excess primers were removed by centrifugation through a spun column of Chroma Spin-200.
DNA unwinding assay. Unwinding assays were performed in a final volume of 20 µl containing 40 mM HEPES-Na pH 7n8, 5 mM DTT, 5 % glycerol, 100 µg\ml BSA, 20 ng of radiolabelled DNA substrate and indicated amounts of the purified EBV SSB. Incubation was for 15 min at 35 mC and was terminated by the addition of 6 µl of stop-mix containing 90 mM EDTA pH 8n0, 6 % SDS, 30 % glycerol and 0n25 % bromophenol blue. SDS disrupts protein-DNA interactions. The samples were electrophoresed through 6 % polyacrylamide gels containing 0n1 % SDS. Gels were dried and exposed to a Fuji imaging plate. Results were analysed and quantified by Fuji Image Analyzer BAS 2000. The displacement activity is expressed as percentage of the counts of the displaced oligonucleotide when the DNA substrate was heat-denatured.
Antibodies. Preparation of an antibody against EBV BALF2 protein was described in a previous paper (Tsurumi et al., 1996) . The protein concentration of the anti-BALF2 protein-specific rabbit IgG was 500 µg\ml in PBS.
Preparation of an anti-BBLF4 protein-specific rabbit IgG (1 mg\ml in PBS) was described previously (Tsurumi et al., 1993) .
Results

Expression of the EBV SSB BALF2 protein in Sf9 cells
Monolayers of Sf9 cells were mock-infected or infected at an m.o.i of 5 p.f.u. per cell with the recombinant baculovirus AcBALF2. The protein products were resolved by SDS-PAGE (8 % polyacrylamide) (Fig. 1 a) . A 130 kDa polypeptide was overproduced in the AcBALF2-infected cells. The expressed protein was identified as the EBV BALF2 gene product by its reaction with anti-BALF2 protein-specific antibody during Western immunoblot analysis (Fig. 1 b) . The expressed BALF2 gene product made up about 12 % of the total cellular proteins.
Purification of the EBV SSB BALF2 protein expressed in Sf9 cells
A monolayer culture of Sf9 cells was infected with the recombinant baculovirus AcBALF2. At 72 h post-infection, the cells were harvested, suspended in hypotonic buffer for 30 min at 0 mC, and then subjected to Dounce homogenization. A large part of the expressed BALF2 protein was transported to the nuclei of the infected Sf9 cells, but it was almost insoluble (data not shown). However, the cytosolic fraction contained some soluble BALF2 protein as judged by Western blot analysis with anti-BALF2 protein-specific antibody. Thus, the cytosolic fraction was loaded onto a phosphocellulose column and eluted with a linear gradient from 0 to 0n6 M NaCl in buffer A. The recombinant BALF2 gene product of 130 kDa eluted at 0n15 M NaCl as judged by Coomassie blue staining of SDS-PAGE and Western blot analyses (data not shown). The peak fractions were loaded onto a heparin-agarose column and eluted with a linear gradient from 0n2 to 0n7 M NaCl in BCFJ T. Tsurumi and others T. Tsurumi and others buffer A. The BALF2 protein eluted at 0n35 M NaCl. The peak fractions of the expressed BALF2 protein were again loaded onto a DEAE-agarose column and eluted with a linear gradient from 0 to 0n5 M NaCl in buffer A. The BALF2 protein eluted at 0n15 M NaCl and the peak fractions were collected and concentrated by Centricon 100. The Coomassie blue-stained polyacrylamide gel of the purified sample showed a single distinct band which migrated with an apparent molecular mass of 130 kDa (Fig. 2 a) . This value is identical to the mobility of the corresponding BALF2 protein isolated from chemically induced EBV-infected cells (Tsurumi et al., 1996) . Western blot analysis clearly showed that the purified enzyme is in fact an EBV BALF2 gene product (Fig. 2 b) . A summary of the purification is given in Table 1 .
EBV SSB can displace a short oligonucleotide annealed to M13 ssDNA
We examined the helix-destabilizing properties of EBV SSB on a template consisting of a single-stranded M13 molecule to which a radiolabelled 20-residue oligonucleotide was annealed. The $#P-labelled DNA products of the reaction were analysed on a polyacrylamide gel after removal of bound protein by denaturation in the presence of SDS. Fig. 3 (a) shows an unwinding assay with increasing amounts of EBV SSB ; lanes 6 to 10 show that the EBV SSB can displace the labelled oligonucleotide in a concentration-dependent fashion. Incubation of the substrate in the absence of the EBV SSB did not result in the release of labelled 20-mer oligonucleotide, indicating that the DNA duplex was stable under the conditions employed for the reaction. DNA unwinding activity was not stimulated by the addition of ATP, CTP, UTP, dATP or dCTP, and the activity was not influenced by the addition of the ATP analogue ATPγS (data not shown), indicating that the EBV SSB does not function as a helicase. 
Strand displacement is highly cooperative
As shown in Fig. 3 (b) , the strand displacement reaction by the EBV SSB was highly cooperative for both the 20-residue and the 59-residue oligonucleotides. Titration of increasing amounts of the BALF2 protein into the reaction revealed that strand displacement took place at BALF2 concentrations exceeding the saturation level, assuming a stoichiometry of one BALF2 protein molecule per 30 nucleotides of ssDNA (Tsurumi et al., 1996) . Displacement of the 59-mer required higher levels of the EBV SSB compared with the 20-mer displacement.
Inhibition of DNA unwinding by anti-BALF2 proteinspecific antibody
To confirm that DNA unwinding was being performed by the EBV SSB rather than a copurifying contaminating protein, anti-BALF2 protein-specific IgG was included in the unwinding reaction (Fig. 4) . While inclusion of purified IgG raised against EBV BBLF4 protein had no effect on the strand displacement Fig. 5 . Directionality of DNA unwinding by the EBV SSB. The assay (20 µl) was performed in the presence of increasing concentrations of the BALF2 protein with 12 ng of the DNA substrate, illustrated at the top of the figure, as described in Methods. Lanes 1 and 2, native and heatdenatured substrates, respectively ; 3 to 5 contained 0n32, 0n56 and 0n8 µg of BALF2 protein, respectively. activity of the EBV SSB, equivalent amounts of antibody specific for the EBV SSB inhibited the unwinding activity in a dose-dependent fashion. Thus, these results confirm that the DNA unwinding is mediated by the EBV SSB.
EBV SSB displays no directionality in unwinding
To determine whether unwinding was directional or not, we used a linear DNA substrate with short duplex regions at either end and a large internal single-stranded region. The duplex regions of the substrate contain $#P-labelled DNA of 39 and 21 nucleotides, such that if the EBV SSB bound to the single-stranded region and migrated along the DNA in a 5h to 3h direction then the 21 nucleotide fragment would be displaced, whereas if the EBV SSB migrated in a 3h to 5h direction on the ssDNA then the 39 nucleotide fragment would be displaced (Fig. 5) . Incubation of this substrate with the EBV SSB resulted in both fragments being displaced. Thus, it appears that unlike ATP dependent helicases, the strand displacement activity of the EBV SSB is not strictly directional.
Kinetics of strand displacement
The strand displacement reaction with EBV SSB concentrations exceeding the saturation level was extremely rapid, reaching completion within 2 min (Fig. 6 ). Fig. 7 shows the effects of NaCl (b) and pH (a) on the strand displacement reaction. Optimal strand displacement occurred over a range of concentrations, from 0 to 60 mM NaCl. Further addition of salt was inhibitory, probably due to increasing stability of the duplex DNA molecule. Maximal strand displacement was observed at pH 7n8.
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Effects of ionic strength and pH on strand displacement
Strand displacement is inhibited by Mg
2M
As shown in Fig. 7 (c) , the reaction was not stimulated by the addition of Mg# + , indicating that the strand displacement reaction by the EBV SSB does not require a divalent cation. The lack of an Mg# + requirement for the DNA unwinding reaction is a common property among SSB helix-destabilizing proteins (Kornberg & Baker, 1992) . However, the behaviour of SSBs against the Mg# + concentration differs. Human RP-A SSB is very sensitive to Mg# + (50 % inhibition at 0n2 mM MgCl # ), while φ29 SSB retains " 60 % of its activity in the presence of 10 mM MgCl # (Georgaki et al., 1992 ; Soengas et al., 1995) . However, SSBs from E. coli, or from bacteriophage T4, cannot displace natural DNA substrate (Georgaki et al., 1992) . In the case of EBV SSB, MgCl # was moderately inhibitory on the DNA unwinding, with 50 % inhibition at 4 mM MgCl # .
Discussion
To induce EBV SSB (the BALF2 protein) in EBV-transformed B-cells, the cells are usually treated with chemical agents such as tetradecanoyl phorbol acetate and sodium nbutyrate or superinfected with cell-free EBV. However, the induction procedure is subject to irreproducibility, and induction efficiency is usually low. The expression of the BALF2 gene product in the baculovirus system can be controlled by adjusting the multiplicity of infection and is more reproducible. Alternatively, in the chemically induced EBV-transformed Bcell lines, high levels of alkaline nuclease activity are induced. To avoid contamination of the nuclease activity, more purification steps are needed for the BALF2 protein purification from the EBV-transformed B-cell lines (Tsurumi et al., 1996) . In contrast, in the AcBALF2-infected Sf9 cells little nuclease activity was induced and sufficient amounts of the BALF2 protein were obtained for characterization. The purified protein from insect cells exhibited ssDNA-binding activity, as does the protein from B lymphoblastoid cells treated with chemical agents (data not shown). Thus, the expression and purification systems described here are very useful for characterization of the molecular basis of EBV SSB-nucleic acid interactions.
EBV SSB shares the ability to destabilize double-stranded DNA with most other SSBs. For most SSBs, unwinding has usually been monitored by using homopolynucleotides (Chase & Williams, 1986 ; Wang & Hall, 1990) . Unwinding of natural duplex DNA has been widespread recently. DNA unwinding under these conditions can also be performed by human RP-A (Georgaki et al., 1992) , by the adenovirus DNA-binding protein (Monaghan et al., 1994 ; Zijderveld & van der Vliet, 1994) , by HSV-1 ICP8 and by bacteriophage φ29 SSB (Soengas et al., 1995) . However, SSBs from E. coli, or from bacteriophage T4, cannot displace natural DNA substrate (Georgaki et al., 1992) . While saturating amounts of the EBV SSB covering the ssDNA are present in the assay, excess amounts of the SSB are necessary for efficient unwinding activity, as in the case for Ad DBP and RF-A (Georgaki et al., 1992 ; Monaghan et al., 1994 ; Zijderveld & van der Vliet, 1994) . Displacement of the 59-mer from the complementary sequence in M13 ssDNA required higher levels of the EBV SSB compared with the 20-mer displacement (Fig. 3 b) . Moreover, the EBV SSB failed to displace an oligonucleotide of more than 100 bases long (data not shown). In contrast, the human SSB RP-A (Georgaki et al., 1992) and adenovirus DBP (Monaghan et al., 1994 ; Zijderveld & van der Vliet, 1994 ) possess significant unwinding activity up to 200-350 nucleotides.
The ability of the EBV SSB to transiently destabilize double-stranded DNA duplexes could be utilized in the progress of the replication fork during the lytic phase of the virus replicative cycle. In a previous paper (Tsurumi et al., 1996) , we reported that the EBV SSB greatly enhanced DNA synthesis catalysed by the BALF5 Pol catalytic subunit on primed M13 ssDNA template and yielded long length replication products by eliminating specific bands of pausing sites. The helix-destabilizing activity would disrupt loops, hairpins or other secondary structures formed by sequence complementarity in the ssDNA template. Therefore, its suggested major function was to melt out secondary structures in the displaced viral ssDNA, thereby keeping the DNA template in the optimal conformation for DNA elongation.
In the yeast system, the ability of Saccharomyces cerevisiae SSB to destabilize double-stranded DNA is utilized not only in the elongation step but also in the initiation step of DNA replication. It stimulates the unwinding of the ARS1 yeast replication origin region (Matsumoto & Ishimi, 1994) . Alternatively, HSV ICP8 interacts with the HSV origin-binding protein, UL9, to stimulate the helicase and DNA-dependent ATPase activities of the UL9 protein . However, EBV does not encode the counterpart of the UL9 protein (Fixman et al., 1995) . EBV possesses the lytic phase replication origin oriLyt, the structure of which is totally different from that of the HSV replication origin. EBV BZLF1 protein and cellular transcription factors bind to oriLyt and appear to initiate subsequent opening (Schepers et al., 1993 ; Gruffat et al., 1995) . Therefore, it remains to be clarified whether the EBV SSB may be involved in the opening of the oriLyt region or not.
